In forensic medicine, one-third of the sudden deaths remain unexplained after medico-legal autopsy. A major proportion of these sudden unexplained deaths (SUD) are considered to be caused by inherited cardiac diseases. Sudden cardiac death (SCD) may be the first manifestation of these diseases. The purpose of this study was to explore the yield of next-generation sequencing of genes associated with SCD in a cohort of SUD victims. We investigated 100 genes associated with cardiac diseases in 61 young (1-50 years) SUD cases. DNA was captured with the Haloplex target enrichment system and sequenced using an Illumina MiSeq. The identified genetic variants were evaluated and classified as likely, unknown or unlikely to have a functional effect. The criteria for this classification were based on the literature, databases, conservation and prediction of the effect of the variant. We found that 21 (34%) individuals carried variants with a likely functional effect. Ten (40%) of these variants were located in genes associated with cardiomyopathies and 15 (60%) of the variants in genes associated with cardiac channelopathies. Nineteen individuals carried variants with unknown functional effect. Our findings indicate that broad genetic investigation of SUD victims increases the diagnostic outcome, and the investigation should comprise genes involved in both cardiomyopathies and cardiac channelopathies.
INTRODUCTION
Sudden cardiac death (SCD) is responsible for a large proportion of sudden, unexpected deaths in young individuals (≤50 years). If the death is unexplained after thorough medico-legal investigation, including autopsy, histopathology and toxicology, the death is referred to as sudden unexplained death (SUD). In Denmark, it has been estimated that 7% of all deaths is due to SCD in the age group 1-35 years. 1 Of the SCDs that were autopsied in that study, 29% remained unexplained after medico-legal investigation. 1 In the age group 1-49 years, the fraction of SCD cases was 11% of all deaths in Denmark. 2 Generally, SUD is considered to be caused by inherited cardiac diseases, especially cardiac channelopathies such as long QT syndrome, Brugada syndrome (BrS), catecholaminergic polymorphic ventricular tachycardia, short QT syndrome, progressive cardiac conduction disorder or early repolarization syndrome, that is, cardiac diseases without morphological abnormalities. Gene mutations associated with the development of cardiomyopathies have also been suspected to be involved in SUD, although the mechanisms are still unknown. [3] [4] [5] [6] In these cases, SUD may represent an early malignant arrhythmogenic presentation -preceding the development of the morphological cardiomyopathy phenotype. Many studies have been done to investigate the genetics in cases of SUD in the young. Most studies have focused on the cardiac channelopathy-associated genes [7] [8] [9] [10] [11] and only a few have investigated if cardiomyopathyassociated gene mutations might also be involved. [12] [13] [14] The purpose of this study was to explore the utility of nextgeneration sequencing (NGS) of a large number of genes associated with both the cardiac channelopathies and cardiomyopathies in a cohort of 61 SUD victims in a forensic setting in Denmark.
MATERIALS AND METHODS

Study population
Between 2009 and 2011, 348 young (1-50 years) deceased individuals, who were assumed to have died from natural causes, were autopsied at the Section of Forensic Pathology, Department of Forensic Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, Denmark. Of these, 142 individuals were categorized as SCD, including cases with negative autopsy. In total, 61 individuals had died suddenly, unexpectedly and with no pathogenic findings after thorough macro-and histopathological investigations. Toxicology screening did not show any drug in a toxic level that could explain the death in any of these cases. The remaining 81 cases were examined in earlier studies due to other cardiac causes of death. Twenty individuals were classified as having cardiomyopathies (arrhythmogenic right ventricular cardiomyopathy (ARVC) = 14, hypertrophic cardiomyopathy (HCM) = 6), 52 individuals as having non-diagnostic structural abnormalities of the heart 15 and 9 individuals as sudden unexpected death in infancy. 16 
Genetic investigation
We have previously described the methods for the genetic investigations in Hertz et al. 15 In brief, DNA was extracted from whole blood in 57 of the individuals using the QIAamp DNA Mini Kit (Qiagen, Stockach, Germany). DNA was extracted from fresh frozen muscle from one individual and from fresh frozen spleen tissue from three individuals, using the EZ1 DNA Investigator Kit (Qiagen). The extracted DNA was quantified with the Quantifiler Human DNA Quantification Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's protocol. DNA from two samples was whole-genome amplified using the REPLI-g Midi kit (Qiagen) following the manufacturer's protocol due to low DNA concentration.
NGS was used to investigate 100 genes previously reported to be associated with inherited cardiac diseases and SCD (Table 1 ). The genes were selected from the available literature in PubMed and Online Mendelian Inheritance in Man (http://omim.org/).
SureDesign (Agilent Technologies, Santa Clara, CA, USA) was used to design capture probes for the target regions of the exons and UTRs of the 100 genes for the Haloplex Target Enrichment system (Agilent Technologies) with 150 bp read lengths. The design included all coding exons, 25 bp of the adjacent introns and 5′-and 3′-UTR regions of the 100 genes of interest to a total of 2076 regions with a total size of 787 943 bp. Overall, 99.6% of the target was covered 450 × . Two exons were not covered sufficiently by the sequencing and seven exons were not sequenced due to missing probe designs. Details of the genomic regions not covered sufficiently is found in Supplementary  Table S1 . Median coverage for amplicons was 950 (range: 206-3065).
The Haloplex Target Enrichment protocol version D.5 was used according to the manufacturer's instruction. The protocol included the following steps:
(1) digestion of 200 ng of genomic DNA with different restriction enzymes in eight tubes and analysis of the fragments using a 2100 Bioanalyzer (Agilent Technologies); (2) hybridization of the digested DNA to Haloplex probes with ends of the probes that were complementary to the fragments of the targets. During hybridization, the fragments were circularized and indexes, sequencing motifs and biotin were incorporated; (3) the target DNA was captured with Haloplex magnetic beads; (4) the nicks in the circularized fragments were closed by ligation; and (5) elution with NaOH, PCR amplification, purification and final elution with Tris-HCl buffer of the captured target DNA was performed. After library build, the amount of DNA was measured using a Qubit Fluorometer 2.0 with the dsDNA HS assay (Invitrogen, Life Technologies Europe BV, Naerum, Denmark). The size distribution of the DNA was analyzed using a 2100 Bioanalyzer and the High Sensitivity DNA kit (Agilent Technologies). All samples were sequenced on a MiSeq (Illumina, San Diego, CA, USA) according to the manufacturer's recommendations with 150 bp paired-end sequencing using the MiSeq Reagent Kit V2 (300 cycles).
Data analysis and bioinformatics
We have previously described the data analysis in details in Hertz et al. 15 In brief, fastq files generated by the MiSeq were used for further alignment and analysis. SureCall (Agilent Technologies) was used for post-base-calling analysis Table 1 Investigated genes and diseases
Disease Genes
Other associated diseases 11 The variants were evaluated by (1) an in-house in silico analysis tool developed for determining the likelihood of variant pathogenicity and (2) frequencies of o1% in two reference population databases (the Exome Variant Server (ESP) (http://evs.gs.washington.edu/ EVS/) and dbSNP (build 137; http://www.ncbi.nlm.nih.gov/snp/)) and associations with cardiac diseases reported in HGMD. 17 The in silico analysis was based on the parameters of conservation (Grantham distance, AlignGVGD class, BLOSUM62 and orthologues), computational prediction (MAPP and SIFT), frequency in the relevant reference population (dbSNP (build 137) and ESP), the location in the genome (distance to nearest splice site) and the coding effect. The available databases and literature were also reviewed for each variant to determine their possible effects. 18 Evidence for pathogenicity included null variants (nonsense, frameshift, splice site and initiation codon), known disease-causing amino-acid changes or residues, functional studies, prevalence of the variants in affected individuals with the associated disease, location in exon and/or functional domain with known disease-causing variants, assumed de novo, co-segregation studies and a minor allele frequency below the disease prevalence. [18] [19] [20] Given that rare variants are also subject to population stratification, 21 we included a local Danish reference population (n = 2000) that was whole-exome sequenced, of which one half was comprised of metabolically healthy individuals and the other half was patients with type 2 diabetes. 22 The variants were finally classified as likely, unknown or unlikely to have a functional effect by two medical doctors (CLH and MD).
A variant was classified as being of unknown significance, in case of frequency above the disease-prevalence according to available literature, nonconserved amino-acid substitution, multiple observations of the variant in the cohort or lack of significant association with any cardiac disease and nucleotides in the regions, in which the variant was found.
Genes and DNA variants were numbered according to the reference sequences applied in Table 1 , using HGVS nomenclature (www.HGVS.org). Variants were submitted to the Leiden Open Variation Database (http:// databases.lovd.nl/shared/individuals, individuals IDs: 00064702-00064741).
Coverage was calculated using a python script that calculates coverage for each amplicon using Bedtools coverageBed. The amplicons where all samples had o50 × coverage were extracted to an excel file. The input was BAM files of each sample and a BED file containing all the amplicons from the SureDesign (Agilent Technologies) of the 100 genes.
The software R v.2.11.0 23 was used to perform the statistical analyses and the scoring of variants in the in silico analysis using a custom script. 
Ethical standards
RESULTS
The study population
We included 61 individuals, who had died suddenly and unexpectedly with no pathogenic findings after thorough medico-legal investigations and were classified as SUD. The median age at the time of death was 39 years (range 1-50) and 43 (70%) were males (Table 2) . Postmortem toxicological screenings were performed in 54 (89%) of the cases of which 16 (30%) were negative. No drug was found in a toxic concentration that could explain the death in any of the cases.
Two deceased individuals (3%) had a family history of cardiac disease. The father of one individual died at the age of 56 years of unspecified cardiac cause. No variant with likely functional effect was found in this individual. Two close relatives of the other individual died during sleep at a young age with no recognized cause. In this individual, two variants with likely functional effects were found (Table 3, ID 7) .
In our study, 16 (26%) of the SUD cases had psychiatric diseases according to the available medical records. Seven (13%) and eight (15%) of the deceased used antipsychotics or antidepressants, respectively. According to the available summary of product characteristics, the antipsychotics and antidepressants used by the deceased had a very low or unknown frequency of QT c prolongation. Further, 14 (23%) of the SUD cases suffered from epilepsy and 10 (19%) had one or more antiepileptic drug(s) in the blood (Table 2) . None of the drugs used to treat epilepsy had a known frequency of QT c prolongation according to the available summary of product characteristics. 
Variants with a likely and unknown functional effect
In total, 21 (34%) individuals had 25 genetic variants that were classified as having likely functional effects (Table 3) . Ten of these variants were novel. The median age of individuals carrying variants with a likely functional effect was 36 years (range 1-49) and included 11 males (52%). Of the variants with a likely functional effect, 22 were missense mutations and 3 were nonsense mutations (Table 3) . Ten (40%) and 15 (60%) variants were located in genes previously having been reported to be associated with cardiomyopathies or cardiac channelopathies, respectively. Seven of the individuals who had variants with likely functional effects also had variants of unknown functional effect. Further, 19 individuals only carried genetic variants of unknown functional effect (data on unknown variants are found in the Supplementary Table S2 ). In the remaining 21 (34%) individuals, no variant with likely or unknown functional effect was found.
Physical activity at the time of death Six (10%) of the SUD cases died during the physical activity. Of these, four had a variant with a likely functional effect. S217G)). He had previously experienced two syncope events during soccer and was under examination for cardiac disease when he died. The ECG showed ventricular extrasystoles, but no diagnosis had been established.
DISCUSSION
We sequenced 100 cardiac disease-associated genes in 61 Danish cases of SUD using NGS. In 21 (34%) of the individuals, one or more variants with a likely functional effect were identified. Of the 21 individuals, 12 had variants with likely functional effects exclusively in genes that have previously been associated with cardiac ion channel diseases. Six individuals had variants with likely functional effects exclusively in genes that have previously been associated with cardiomyopathic diseases. Three individuals had variants with likely functional effects in both channelopathy-and cardiomyopathyassociated genes. The frequency of variants in cardiomyopathy-associated genes was higher than expected. Cardiomyopathies are often variable in expression and with incomplete penetrance, and the initial phenotypic alterations may not be visible at autopsy or may be considered unspecific or within the normal range. However, variants previously reported to be associated with cardiomyopathies and structural alterations of the heart may give rise to arrhythmia -and in some cases mediated through cardiac channel dysfunctions. This is supported by functional studies of desmosomal genes, previously demonstrated to be associated with ARVC. [3] [4] [5] [6] The PKP2 gene was first shown to be associated with ARVC, when Gerull et al 24 found 25 variants in PKP2 in 32 ARVC patients. Variants in PKP2 have been found iñ 70% of all familial ARVC cases. 4, 25 Recently, PKP2 was found to be associated with BrS with no structural abnormalities of the heart. 3, 4 Cerrone et al 3 found PKP2 variants in 2.5% of the investigated BrS patients. In that study, PKP2 was therefore suggested to play a role in the sodium channel trafficking to the intercalated disk through an unknown mechanism. 3 Zhang et al 4 found equal numbers of PKP2 variants in ARVC patients and SUD cases with negative autopsy, and concluded that sudden death could be due to arrhythmia via reduced localization of the Nav1.5 channel proteins to the intercalated disk and, hence, increase the distance between the plus end of the microtubules and the N-cadherins midline plaque. Variants in DSP and DSG2, which are also part of the cardiac desmosomal complex, have similarly been found to be associated with Nav1.5 dysfunction in mice and HL-1 cells, respectively. 5, 6 Also, sarcomeric gene mutations were present in sudden infant death syndrome (SIDS) cases, in which no structural change was seen. Brion et al 26 found multiple, previously described variants in sarcomeric genes in 286 SIDS victims. They suggested that variants in sarcomeric genes could be the cause of death in these infants even though the infants had no structural changes of the heart.
In the present study, we found two-thirds (40 individuals) of the SUD cases had variants with unknown functional effects or no variants with likely or unknown functional effects. These individuals' cause of death still remain unanswered and raises new questions; are there other genes or regulatory elements (methylation, miRNA, etc) that are only found in SUD cases, and never presents themselves in individuals that are living with a heart disease? It would be of interest to investigate these cases further with whole-genome sequencing and investigate epigenetic factors.
Physical activity at the time of death Six (10%) of the SUD cases died during the physical activity, including walking, diving, biking or playing soccer. Four of these six individuals had variants with likely functional effects, whereof three were in MYBPC3. A 46-year-old female diver had a MYBPC3 variant (c.442G4A) previously observed in an HCM patient. 27 A 35-yearold male diver had a MYBPC3 variant (c.3742G4A) previously observed in another HCM patient 28 and classified as probably pathogenic. 29 A 15-year-old athlete football player had a MYBPC3 variant (c.649A4G) previously identified in a study, where the variant was found in two SIDS cases and described as possibly pathogenic. 26 In another study, the variant was found in a 19-year-old female, who experienced cardiac arrest after running and was subsequently diagnosed with HCM. 30 Furthermore, the variant was described by the same study as above by Andreasen et al, 29 who found this variant to be of low frequency and possibly pathogenic. The three individuals with MYBPC3 variants with a likely functional effect were all performing moderate to heavy exercise at the time of death.
Sudden unexpected death in psychiatric disease and epilepsy
In the present SUD cohort, 16 (26%) of the SUD cases had psychiatric diseases according to the available medical records (Table 2) . One or more variants with a likely functional effect were found in five (31%) of the individuals with a psychiatric disease. The variants were found in the SCN5A, KCNQ1, TTN and LMNA genes. The prevalence of SUD in the young with depression has not been widely studied. It is known that the life expectancy in Denmark in schizophrenic patients is 16-20 years shorter than that of the general population. 31 In a recent study from Australia, Sweeting et al 32 found that the most prevalent cause of death in schizophrenic patients was cardiovascular disease (23%) and that 11% of the deaths were unexplained after autopsy.
The underlying causes of SCD and SUD in psychiatric diseases are not yet established, but drug-induced arrhythmia has been proposed to be important in depression 33 and schizophrenia. [34] [35] [36] [37] Furthermore, 14 (23%) of the SUD cases suffered from epilepsy and 10 (19%) had one or more antiepileptic drug(s) in the blood. Sudden unexpected death in epilepsy (SUDEP) is defined as sudden, unexpected, witnessed or unwitnessed, non-traumatic and non-drowning death in patients with epilepsy with or without evidence for seizure with exclusion of documented status epilepticus and when postmortem examinations do not reveal any structural or toxicological causes of death. 38 In line with our findings, a Danish study by Holst et al 39 identified 166 SUD cases in the period 2000-2006. Among these, 26 cases were diagnosed as definite SUDEP giving a total percentage of epilepsy cases of 16% in their SUD cohort. SUDEP is suspected to be multifactorial and may relate to autonomic dysfunction, abnormalities in heart rate variability or catecholamine surge, antiepileptic medications and underlying cardiac arrhythmias. 40, 41 Risk factors for SUDEP in patients treated with antiepileptic medication include poor patient compliance, abrupt withdrawal, poly-pharmacy and specific antiepileptic drugs. Some antiepileptic drugs have been suspected to be associated with a negative effect on cardiac conduction and may induce sodium channel blockage or dose-dependently suppress the autonomic cardiac modulation. 41, 42 In our study, 3 of the 14 SUDEP cases (21%) had one or more variants with likely functional effects. These variants were identified in genes involved in the inwardly-rectifying potassium channel coded by the KCNH2 and in a gene involved in the desmosomal complex (DSP) that is associated with the Nav1.5 channel function. In an Australian study, KCNH2 and SCN5A mutations were found in 13% of the SUDEP cases. 43 There are some limitations to this study. First of all, this is a highly selected cohort potentially reducing the generalizability of our findings. To investigate the variants with a likely functional effect further, functional studies and co-segregation analyses in the families should be performed. The genetic findings in this study cannot stand alone to determine the cause of death, as many of the variants identified are novel and need to be investigated further.
In summary, we found that one-third of the deceased individuals with negative forensic autopsy had one or more variants with a likely functional effect in genes associated with cardiomyopathies and cardiac channelopathies. Furthermore, 19 and 21 individuals were found to have only variants of unknown significance or no variants of significance, respectively. Our findings suggest that broad genetic screening using NGS is a useful diagnostic part of the forensic investigation in SUD cases, in which the cause of death cannot be established after routine medico-legal autopsy. As a significant proportion of the variants with a likely functional effect were found in genes previously found to be associated with cardiomyopathies, we suggest that genetic investigations of SUD victims should comprise genes involved in both the structural and non-structural cardiac diseases. Furthermore, the two-thirds of individuals where no variant with likely functional effect was found make us wonder if there are other genes or regulatory elements that are yet to be discovered in these unexplained sudden death cases.
